Abstract. In this paper, the LLC resonant converter based on SiC devices is applied to the auxiliary converter of subway. The principle of operation of this converter is analyzed in detail, and a LLC resonant converter with a capacity of 40kW is designed. By building the system circuit in the PSIM simulation software, it is proved that the converter can work normally, the ZVS of the switches and the ZCS of the rectifier diodes are realized in the full input range and the full load range to ensure the high-efficiency operation of the circuit under high frequency conditions and meet the requirements of auxiliary converter in subway.
Introduction
With the continuous construction and development of the subway, the auxiliary converter as an important power supply unit for subway vehicles has been continuously upgraded to gradually become more efficient and miniaturized. Compared with the traditional Si devices, the on resistance of the SiC devices is small, which makes the miniaturization of the modules possible; SiC devices can work at high speed, which is conducive to the miniaturization of the peripheral components; high temperature characteristics of SiC devices contribute to the simplification of the cooling mechanism.
In order to reduce the high switching losses caused by high switching frequency and further improve the overall efficiency, the soft switching technology can be used in converters. Among them, the LLC series-parallel resonant technology in the resonant conversion technology has drawn wide attention because of its excellent characteristics. Its main technical advantages include: ZVS of switches and ZCS of rectifier diodes in the full load range, which can greatly reduce the switching losses; the improvement of the efficiency and the switching frequency; compared with the industrial frequency isolation circuit, the weight and volume of the magnetic components are greatly reduced.
In this paper, the LLC resonant converter based on SiC device is applied to the auxiliary converter in subway. The resonant parameters design method is completed and the detailed parameter solving process is given by combining with the circuit characteristics of LLC full bridge resonant converter. Through reasonable design, the converter can realize the soft switching within the full input voltage range to ensure the high-efficiency operation of the circuit under high frequency. Finally, the system simulation circuit is built in the PSIM simulation software, which verifies the accuracy of theoretical derivation and resonance parameter design.
The Topology of Auxiliary Converter in Subway and LLC Resonant Converter
The Topology of Auxiliary Converter Fig. 1 shows the overall circuit of auxiliary converter in the subway. The topology of the auxiliary converter circuit is a high-frequency DC/DC circuit coupled with a three-phase inverter circuit that provides AC 380V for vehicle equipment. In this circuit topology, input DC voltage passes through the input filter DC chopper, LLC high-frequency isolation and three-phase inverter, and then AC 380V voltage can be obtained. Q1 and Q4 share a drive signal, Q2 and Q3 share a drive signal, which is a complementary signal whose duty cycle is 50%. A square wave voltage is generated between point A and B as the input of the resonant circuit. Cr, Lr and Lm form the resonant circuit, and DR1~DR4 form the rectifier circuit on the secondary side of transformer. The rectified voltage is used by the subsequent three-phase inverter after filtering by the output capacitor.
Characteristics Analysis of LLC Resonant Converter

First Harmonic Analysis
There are two resonance frequencies in the LLC resonant converter, which are the series resonant frequency fr and generated by the series resonant inductance and the capacitor, the series-parallel resonant frequency fm generated by the sum of the series resonant inductance and the parallel resonant inductance and the capacitor, respectively. As shown in the Eq. 1.
It is obvious that fm < fr from the formula. Since the LLC resonant converter contains a resonant network, the resonant current and the voltage of capacitor are sinusoidal in a switching period, and the range of the amplitude is large. The state-space averaging method commonly used in DC/DC converters is no longer applicable in the steady-state circuit analysis of resonant converters. In this paper, the equivalent circuit model of LLC resonant converter is established by first harmonic analysis, which ignores the effect of higher harmonics of voltage or current and uses fundamental components to analyze the circuit. When the switching frequency is greater than or equal to the resonant frequency, the modeling result is more accurate, and there are some errors when the switching frequency is lower than the resonant frequency. However, this error can be neglected when the steady-state analysis of the LLC resonant converter is carried out.
The Equivalent Circuit of Resonant Converter
According to the derivation of the previous section， the equivalent circuit of LLC full-bridge resonant converter established by first harmonic analysis can be obtained. As shown in Fig. 3 , the fundamental component of power supply vi1t is the input voltage and the load is equivalent resistance Req. According to the equivalent circuit, we can get AC voltage gain as:
Define the voltage gain of LLC resonant converter from input to output as M=nVo/Vin, then its expression is:
To simplify the analysis and design process, the following definitions are usually made. The ratio of the magnetizing inductance and the resonant inductance is k=Lm/Lr, normalized frequency is fn=fs/fr and the quality factor of series resonant circuit is 
If the switch of primary side is to implement ZVS, then the input current should lag behind the voltage, and that is the input impedance of the converter should be inductive. Therefore, the input impedance of LLC converter needs to be discussed in detail.
The input impedance of converter can be obtained from 
So that the imaginary part is equal to zero, then the dividing line of capacitive and inductive impedance can be obtained. When the circuit parameters are determined, that is k and Q are given, the normalized frequency determined by Eq. 6 is the demarcation point. The voltage gain is maximized when input impedance is purely resistive. The maximum voltage gain at inductive case.
Fig . 4 shows the boundaries of capacitive and inductive areas. As can be seen from the figure, the working area can be divided into three areas:
(1) area 1: fs ≥ fr and voltage gain M is less than 1, the converter works in step-down mode. In this area, the switches of primary can achieve ZVS but rectifier diodes of secondary side can't achieve ZCS and there is a reverse recovery problem; (2) area 2: fs < fr and voltage gain M is greater than 1. In this area, the switches of primary can achieve ZVS and ZCS of secondary rectifier diodes can be achieved.
(3) area 3: ZVS of primary switches can't be achieved when working in this area, so this situation should be avoided.
Through the previous analysis, the resonant converter should work at resonant frequency to achieve maximum efficiency. There are two resonant frequencies for LLC resonant converter and achieve maximum efficiency when operating at the highest frequency fr. If LLC resonant converter is to achieve ZVS of switches in the primary side of transformer and ZCS of diodes in the secondary side of transformer, it should work at the frequency range in area 2.
Parameter Design and Simulation Verification
The previous chapters mainly analyzed the characteristics and working principle of LLC resonant converter. This chapter will give the design process of the converter parameters firstly, followed by simulation waveforms and data to verify the accuracy of the parameter design. Table 1 shows the performance indicators of LLC resonant converter in the auxiliary converter of subway. From the formula of gain voltage, it can be found that the values of n, k, Q should be determined firstly to meet the requirements of stable work in the full load range. Then we should observe the frequency range to calculate the values of resonance elements Lr, Cr and Lm.
Parameter Design
Turns Ratio of Transformer. When the LLC resonant converter works at the resonant frequency, the efficiency is the highest. Therefore, try to make the converter work at the resonance point in the rated input and output voltage. Then the formula of turns ratio can be obtained:
Maximum and Minimum Gain. The input voltage varies from 500 to 900V, so the maximum and minimum gain of the converter can be obtained. 
The Ratio of Inductance. Eventually, we determine that k is equal to 4. Quality Factor. The formula of minimum normalized switching frequency is as follows:
After calculation, the minimum normalized frequency of converter is 0.557. At the same time, there needs to be some margin. Finally, we choose 0.6745 as the design value of Q.
The resonant frequency fr is 100kHz and based on the above values of n, k and Q, the following equations can be obtained: 
By solving the above equations, the parameters of the resonant circuit can be solved. The magnetizing inductance Lm, resonant inductance Lr and resonant capacitance Cr are respectively:
The parameters designed in this section will be used in the simulation of LLC resonant converter to verify the parameter design is reasonable.
Simulation Verification
The simulation of LLC resonant converter is completed in the PSIM software, and the main simulation parameters shown in Table 2 . 
Summary
This paper applies SiC devices to the auxiliary converter in subway and switching frequency can be greatly enhanced. The introduction of LLC resonant circuit can achieve high-frequency isolation conversion, which eliminates the power frequency transformer in traditional scheme and greatly reduces the size and weight of overall system. At the same time, all of the switches in LLC resonant circuit achieve soft-switching, enabling efficient conversion and increasing the power utilization.
Based on the analysis of characteristics and operating principle of LLC resonant circuit, this paper designs the main circuit parameters and builds the PSIM simulation model of the system circuit. The simulation results show that the system circuit can operate stably and the output performance is good, which is in good agreement with the theoretical parameter design and validates the soft-switching effect of LLC resonant converter.
